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The aim of the study was to determine the age-dependence of the accommodative force on the lens in order to make it clear whether
the causes of presbyopia are due to lenticular or extralenticular changes. A ﬁnite element model of the lens of an 11-, 29- and 45-year-old
human eye was constructed to represent the fully accommodated state. Subsequently, the force that was needed to mould the lens into its
unaccommodated state was calculated. The force on the lens appeared to be preserved with age, with only a slight increase to a value of
approximately 0.06 N. In conclusion, the preservation of the net force delivered by the extralenticular ciliary body indicates that the
causes of presbyopia must be ascribed to lenticular changes.
 2007 Elsevier Ltd. All rights reserved.
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With age, the human eye loses its capacity to accommo-
date. This is referred to as presbyopia. It is not exactly
known whether the cause of presbyopia is due to changes
in the lens (lenticular) or to extralenticular changes, or
both. It is commonly believed that increasing stiﬀness of
the lens is the major cause of presbyopia. On the other
hand, presbyopia could be induced by an age-dependent
decrease in the force acting on the lens that is delivered
by the ciliary muscle and zonular ﬁbres. Knowledge about
the accommodative force on the lens with age could there-
fore make it clear whether the causes of presbyopia are due
to lenticular changes or to extralenticular changes. The
objective of the present study was to determine the accom-
modative force on the lens at diﬀerent ages, and to ﬁnd out
whether there is a change in this force with age.
Diﬀerent methods have been used to determine the force
acting on the lens during accommodation. Fisher (1977)
constructed a stretching device that was ﬁxed to the com-0042-6989/$ - see front matter  2007 Elsevier Ltd. All rights reserved.
doi:10.1016/j.visres.2007.10.017
* Corresponding author. Fax: +31 20 4444147.
E-mail address: ea.hermans@vumc.nl (E.A. Hermans).plex of ciliary muscle, zonular ﬁbres and lens in order to
mimic the accommodation process in vitro. Force was
applied to the zonular ﬁbres, indirectly by displacement
of the ciliary muscle, and the induced change in the shape
of the lens was photographed. Subsequently, the ciliary
muscle and the zonular ﬁbres were removed, and the lens
was made to spin around its axis. Again, the change in
shape was photographed. These photographs, and the cor-
responding centrifugal forces during the spinning, are
related to the change in shape during the stretching exper-
iment, and therefore the force acting on the lens could be
calculated. This force appeared to change with age to
approximately 0.015 N. However, it is questionable
whether the centrifugal forces involved during the spinning
of an isolated lens can be regarded as equal to the forces
during accommodation in vivo (Van Alphen & Graebel,
1991).
Recently, Manns et al. (2007) built a lens-stretching sys-
tem containing a load cell, which allowed a direct measure-
ment of the force required to stretch the ciliary body and
the crystalline lens into its unaccommodated state. Simulta-
neously, the associated change in the power and equatorial
diameter of the lens could be measured. They found that
120 E.A. Hermans et al. / Vision Research 48 (2008) 119–126the relative force on the ciliary body that is needed to
change the optical power of a lens with one diopter
increases with age. However, the absolute force on the lens
that is needed to fully disaccommodate was not measured
as a function of age.
Finite element modelling (FEM) has also been used to
estimate the force acting on the lens. This method is often
applied when mechanical problems are too complex to be
solved analytically, and it has the advantage that it discret-
izes the problem by dividing the geometry into a ﬁnite
number of elements. With known material properties and
given boundary conditions, the deformation of a body
can be calculated. Using data that is available from the lit-
erature, Burd, Judge, and Cross (2002) created a FE model
of the complex conﬁguration of the ciliary muscle, the
zonular ﬁbres and the lens. From this model, they calcu-
lated the force acting on the ciliary body by induced dis-
placement. The results showed that the force increased
slightly with age to a value between 0.08 and 0.1 N, which
is approximately six times the value reported by Fisher
(1977).
In order to estimate directly the magnitude of the exter-
nal force that moulds the lens of a typical 29-year-old
human into the unaccommodated shape, Hermans, Dubb-
elman, Van der Heijde, and Heethaar (2006) applied FE-
modelling without including the ciliary muscle and the
zonula ﬁbres. Using three diﬀerent conﬁgurations for the
zonular insertion regions, it appeared to be possible to
obtain the geometry of the lens in the unaccommodated
state. The external force was calculated only for a typical
29-year-old human subject.
The eﬀect of material properties (Belaida & Pierscionek,
2007) and stretching forces (Liu, Wang, Xu, & Wang,
2006) on accommodation of the human lens have been sim-
ulated using FE-modelling. Results from both studies
showed that the material properties and the direction and
amount of forces on the lens have substantial inﬂuence
on the shape changes of the lens. Therefore, accurate values
for the cortex and the nucleus stiﬀness are needed for reli-
able estimation of the stretching forces using FE-model-
ling. In the spinning lens experiment, Fisher (1971)
derived a value for the elasticity of the nucleus and the cor-
tex as a function of age. Recently, new results concerning
the material properties of the human lens tissue have
become available. Heys, Cram, and Truscott (2004) pro-
vided stiﬀness values of the nucleus and cortex as a func-
tion of age. Furthermore, the gradient stiﬀness of the lens
has been measured by Weeber, Eckert, Pechold, and Van
der Heijde (2007). However, all three studies reported dif-
ferent results for the stiﬀness of the lens, especially at a
young age.
The aim of the present study was to investigate the
change with age in the force acting directly on the lens dur-
ing disaccommodation. Therefore, three FE models of an
11-, 29- and 45-year-old human lens were constructed to
estimate the accommodative forces. The ages mentioned
are in the lifespan in which accommodation still occurs.In order to study the inﬂuence of lens stiﬀness on the
accommodative force, we subsequently used the material
properties that were measured in the Fisher, Heys and
Weeber studies. The FE models were validated with mag-
netic resonance (MRI) measurements of change in the
equatorial lens radius (Strenk et al., 1999). Finally, the
results of the present study were compared with the results
of the studies in which the accommodative force had previ-
ously been measured.2. Methods
In accordance with the Von Helmholtz (1855) accommodation theory,
it is assumed that the lens is ﬂattened into the unaccommodated state by
applying to the lens a force which is delivered by the action of the ciliary
muscle and zonular ﬁbres. The FE method is used to simulate the defor-
mation of the lens when a load is applied. In an iterative process it is pos-
sible to determine the force that ﬂattens the lens in such a way that it
matches the unaccommodated geometry. For the FE-modelling in this
study, the basic principle applied by Burd et al. (2002) was followed to cre-
ate three models of an 11-, 29- and 45-year-old human lens. The FE mod-
els are based on a fully accommodated state of 14, 8 and 4 diopter of
accommodation stimulus, respectively, according to Duane (1922). It is
assumed that the force acting on the eye lens in the fully accommodated
state is negligible. A linear elastic model is used as input in the commer-
cially available FE programme ABAQUS 6.5-1. According to Burd
et al. (2002), it is assumed that the lens of the human eye is rotationally
symmetric, which makes it possible to investigate the performance of the
lens in an axisymmetric model.2.1. Modelling of the geometry of the lens
A rotational symmetric FE model can be constructed with the cross-
sectional shape of the human lens. Information on the geometry of the lens
has become available from studies in which Scheimpﬂug imaging has been
used. Dubbelman and Van der Heijde (2001); Dubbelman, Van der Hei-
jde, and Weeber (2001); Dubbelman, Van der Heijde, Weeber, and Vren-
sen (2003); Dubbelman, Van der Heijde, and Weeber (2005) measured the
shape and the internal structure of the lens in a large number of subjects of
diﬀerent ages at several levels of accommodation stimulus. However, Sche-
impﬂug imaging only provides information about the central part of the
eye lens. Therefore, the axial position of the equator, with respect to the
anterior and posterior lens surface, was based on a ratio of 0.70 (Rosen
et al. 2006). The equatorial diameter of the disaccommodated and accom-
modated lens was obtained from the Strenk et al. (1999) MRI study.
Regression analysis (Fig. 1) was applied to determine the equatorial diam-
eter and accommodative change in diameter as a function of age. The
equatorial diameter at 0.1 D accommodation stimulus does not show a
statistically signiﬁcant change with age (mean 9.2 mm). Based on the axial
position of the equator and the equatorial diameter, the geometry of the
cortex was closed, according to the method described by Hermans et al.
(2006).
The geometry of the nucleus must be used to assign diﬀerent material
properties to the cortex and the nucleus. The central thickness of the
nucleus and the anterior and posterior cortex were obtained from Dubb-
elman et al. (2003). The central curvature of the nucleus as a function of
age and accommodation had been measured in the Scheimpﬂug studies
carried out by Koretz, Cook, and Kaufman (2001); Koretz, Cook, and
Kaufman (2002). Finally, the nucleus geometry was closed according to
the method proposed by Hermans, Dubbelman, van der Heijde, and Heet-
haar (2007) and the mean equatorial diameter and ratio between anterior
and posterior nuclear thickness (Hermans et al. 2007). The cross-sectional
parametric shape of the lens cortex and nucleus are shown in Fig. 2. The
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Fig. 1. Regression analysis of the Strenk et al. (1999) MRI data: equatorial lens diameter (at 0.1 D and 8 D accommodation stimulus) and change in
diameter with accommodation as a function of age.
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Fig. 2. Geometric model of the human eye lens (see Table 1 for explanation of the symbols used).
E.A. Hermans et al. / Vision Research 48 (2008) 119–126 121speciﬁc geometric parameters that were used to describe the shape of the
lens in disaccommodated and fully accommodated state have been sum-
marised in Table 1.
2.2. Modelling of the material properties of the lens
Fisher (1971) derived the elasticity of the nucleus and the cortex as a
function of age in a spinning lens experiment. Recently, more in vitro mea-
surements of material properties have become available in the literature.
Heys et al. (2004) measured the penetration force of a probe at diﬀerent
locations on lens cross-sections. In this way, they deduced stiﬀness values
of the cortex and nucleus as a function of age. Furthermore, Weeber et al.
(2007) used a dynamic mechanical analyzer to obtain the cross-sectional
stiﬀness gradient in a number of 19- to 78-year-old human lenses. The stiﬀ-
ness gradient of an 11-year-old lens is assumed to be equal to the stiﬀness
gradient of the lens at the age of 19. Based on the stiﬀness proﬁles, the elas-
ticity of the nucleus and cortex as a function of age can be obtained (Wee-
ber et al., 2007). The three diﬀerent material properties that were measured
in the Fisher, Heys and Weeber studies were subsequently used in the pres-
ent study for the FE-modelling of 11-, 29- and 45-year-old human lenses(see Table 2). Both the nucleus and the cortex are thought to be incom-
pressible and, therefore, a Poisson’s ratio of approximately 0.5 was cho-
sen. The nucleus and the cortex were modelled with six-noded hybrid
axisymmetric elements.
The material properties of the capsular bags that were modelled accord-
ing to Burd et al. (2002) are listed in Table 2. In summary, Burd ﬁtted a
parametric model to the Fisher and Pettet (1972) capsular thickness mea-
surements. Krag, Andreassen, and Olsen (1996) measured the elasticity
of the capsular bag with age, and found a Poisson’s ratio for the capsular
bag of 0.47. In the present study, the capsular bag and the varying thickness
of the capsular bag were modelled with three-noded membrane elements.
2.3. Estimation of the forces acting on the eye lens
Although the zonular ﬁbres themselves were not modelled, an assump-
tion had to be made about the region in which they are attached to the
lens. In general, the zonular ﬁbre insertion regions are divided into an
anterior, a central (equatorial) and a posterior region (Glasser & Kauf-
man, 2003). Streeten (2003) provided data concerning the location of
the insertion regions: anterior 1.5 mm and posterior 1.25 mm from the
Table 1
Parameters used for the geometric models and their source in the literature
Age [years] 11 29 45 Source
Accommodation amplitude [D] 0 14 0 8 0 4 Duane (1922)
Curvature anterior (cant) [mm
1] 0.083 0.213 0.091 0.157 0.099 0.131 Dubbelman et al. (2001, 2005)
Asphericity anterior (kant) 4 11 4 8 4 6
Curvature posterior (cpost) [mm
1] 0.174 0.236 0.181 0.216 0.188 0.205
Asphericity posterior (kpost) 3 3 3 3 3 3
Curvature anterior nucleus (cant NUC) [mm
1] 0.270 0.394 0.277 0.351 0.284 0.322 Koretz, Cook, and Kaufman
(2001, 2002)Curvature posterior nucleus (cpost NUC) [mm
1] 0.290 0.484 0.299 0.370 0.308 0.334
Equatorial radius nucleus (RNUC) [mm] 2.93 2.58 2.93 2.73 2.93 2.83 Hermans et al. (2007)
Ratio anterior/posterior thickness nucleus 0.95 0.95 0.95
Total thickness (TT) [mm] 3.21 3.83 3.63 3.98 3.99 4.17 Dubbelman et al. (2003)
anterior cortical thickness (ACT) [mm] 0.64 0.70 0.86 0.89 1.05 1.07
Nuclear thickness (NT) [mm] 2.14 2.70 2.20 2.52 2.25 2.41
Posterior cortical thickness (PCT) [mm] 0.42 0.43 0.57 0.57 0.70 0.70
Ratio anterior/posterior thickness cortex 0.7 0.7 0.7 Rosen et al. (2006)
Equatorial radius cortex (RCOR) [mm] 4.60 4.17 4.60 4.31 4.60 4.49 Strenk et al. (1999): regression
Table 2
In-vitro determined material properties used in the study
Age [years] 11 29 45 Poisson’s ratio Source
Young’s modulus
[N/mm2]
Young’s modulus
[N/mm2]
Young’s modulus
[N/mm2]
Simulations using material properties from Fisher (1971)
Capsular bag 0.73 1.27 1.45 0.47 Fisher and Pettet (1972); Krag et al. (1996);
Burd et al. (2002)
Nucleus 5.69 · 104 5.47 · 104 9.97 · 104 0.49 Fisher (1971)
Cortex 1.88 · 103 3.42 · 103 3.98 · 103 0.49 Fisher (1971)
Simulations using material properties from Heys et al. (2004)
Capsular bag 0.73 1.27 1.45 0.47 Fisher and Pettet (1972); Krag et al. (1996);
Burd et al. (2002)
Nucleus 9.21 · 105 2.63 · 104 3.43 · 103 0.49 Heys et al. (2004)
Cortex 2.49 · 104 3.63 · 104 1.37 · 103 0.49 Heys et al. (2004)
Simulations using material properties from Weeber et al. (2007)
Capsular bag 0.73 1.27 1.45 0.47 Fisher and Pettet (1972); Krag et al. (1996);
Burd et al. (2002)
Nucleus 5.0 · 105 1.0 · 104 3.0 · 103 0.49 Weeber et al. (2007)
Cortex 6.0 · 104 7.4 · 104 3.7 · 103 0.49 Weeber et al. (2007)
122 E.A. Hermans et al. / Vision Research 48 (2008) 119–126equator. The width of the anterior and the posterior region was obtained
from Ludwig (2001): anterior 0.4 mm and posterior 0.5 mm. Because the
width of the central region is unknown, we chose the same width as for
the posterior insertion region of zonular ﬁbres (0.5 mm). Due to this con-
ﬁguration it was necessary to use an iterative process in order to ﬁnd that
set of forces that change the lens into the unaccommodated state, as
described by Hermans et al. (2006). Finally, the summed net force could
be calculated as the sum of the magnitude of the body forces, which can
be regarded as the total net force delivered by the zonula ﬁbres and ciliary
muscle. As a validation, the change in the equatorial diameter of the lens,
which should occur according to the simulations, was compared with the
change that was reported by Strenk et al. (1999). Finally, the mean strain
of the capsular bag has been determined. The mean strain is deﬁned as the
relative diﬀerence between surface area of the capsular bag in fully accom-
modated and disaccommodated state.3. Results
Fig. 3 and Supplementary Movie 1–3 show the change in
the shape of the lens during disaccommodation in the 11-,
29- and 45-year-old subjects for the material propertiesmeasured by Fisher, Heys and Weeber. The results of the
FE-modelling to estimate the typical force that acts on
the side of the lens during disaccommodation made it clear
that it was possible to obtain the required changes in geom-
etry for the Fisher, Heys and Weeber material properties.
Table 3 shows the summed net force and the values of
the four parameters that were ﬁtted to the deformed geom-
etry. The cost function (Hermans et al., 2006) in Table 3
provides a relative quality measure of the deformed geom-
etry compared to the unaccommodated geometry reported
in the literature. The geometric parameters of the simula-
tions with the Fisher and Weeber material properties were
in agreement with the unaccommodated values. However,
the 29- and 45-year-old simulations with the Heys material
properties showed a cost function that was relatively high,
compared to the simulations with the Fisher and Weeber
material properties. Nevertheless, a substantial reduction
in curvature and thickness was observed according to the
Helmholtz theory of accommodation.
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Fig. 3. Fully accommodated and unaccommodated FE models of the human lens modelled at three diﬀerent ages with the Fisher, Heys and Weeber
material properties. The grey value represents the amount of Von Mises stress.
Table 3
Deformed parametric geometry, cost function and estimated summed net force for the diﬀerent material properties and models of an 11-, 29- and 45-year-
old subject
Age [years] Material
properties
cant [mm
1] kant [ ] cpost [mm
1] TT [mm] Cost function Summed net force [N] Mean summed net force [N]
Unaccommodated 0.083 4.0 0.174 3.21
11 Fisher 0.081 4.3 0.175 3.28 0.0016 0.053 0.041
Heys 0.083 4.7 0.173 3.16 0.0035 0.039
Weeber 0.084 4.8 0.174 3.25 0.0042 0.032
Unaccommodated 0.091 4.0 0.181 3.63
29 Fisher 0.093 4.0 0.183 3.6 0.0006 0.070 0.056
Heys 0.106 4.0 0.192 3.54 0.0302 0.055
Weeber 0.096 4.0 0.189 3.58 0.0058 0.042
Unaccommodated 0.099 4.0 0.188 3.99
45 Fisher 0.098 4.0 0.186 3.94 0.0005 0.054 0.056
Heys 0.116 4.0 0.195 3.96 0.0301 0.058
Weeber 0.104 4.0 0.188 3.94 0.0025 0.055
Table 4
Change in equatorial radius between the fully accommodated and
unaccommodated state in the present study, compared to the MRI
measurements reported by Strenk et al. (1999) and regression analysis (see
Table 1)
Change in equatorial radius D RL (mm)
Age (years) 11 29 45
Strenk et al. (1999) 0.43 0.29 0.11
Simulations using material properties from
Fisher (1971) 0.39 0.25 0.15
Heys et al. (2004) 0.34 0.28 0.25
Weeber et al. (2007) 0.29 0.21 0.14
E.A. Hermans et al. / Vision Research 48 (2008) 119–126 123Table 4 shows the change in equatorial radius during
accommodation which was not involved in the estimation
process. According to the MRI measurements reported by
Strenk et al. (1999) and the regression analysis presented
in Fig. 1, the change in equatorial radius during accommo-
dation decreases with age. It must be noted that, compared
to the accommodative change in equatorial radius, the res-
olution of the images obtained withMRI is low (0.156 mm).
However, the changes in equatorial radius of the simula-
tions at diﬀerent ages with the Fisher, Heys and Weeber
material properties are within the resolution reported by
Table 5
Surface area and mean strain of the capsular bag according to the simulations using material properties from Fisher (1971), Heys et al. (2004) and Weeber
et al. (2007)
Age (years) 11 29 45
Accommodation 14 D 0 D 8 D 0 D 4 D 0 D
Surface area
(mm2)
Surface area
(mm2)
Mean
strain (%)
Surface area
(mm2)
Surface area
(mm2)
Mean
strain (%)
Surface area
(mm2)
Surface area
(mm2)
Mean
strain (%)
Fisher (1971) 141.3 154.3 9.2 152.2 160.2 5.3 165.8 170.5 2.8
Heys et al. (2004) 141.3 152.6 8.0 152.2 160.5 5.5 165.8 173.1 4.4
Weeber et al.
(2007)
141.3 150.0 6.2 152.2 158.2 3.9 165.8 170.8 3.0
124 E.A. Hermans et al. / Vision Research 48 (2008) 119–126Strenk et al. (1999). For each simulation the surface area
and mean strain of the capsular bag are given in Table 5.
The surface area of the capsular bag increased with age
while the strain during disaccommodation decreased.
To summarise, although the models have diﬀerent
geometries and material properties, it can be seen that
the summed net force that is needed to mould the lens in
the unaccommodated state increases slightly with age to
approximately 0.06 N, while the accommodative amplitude
decreases with age.
4. Discussion
In the present study, FE-modelling was applied to esti-
mate the magnitude of the external force which moulds
the lens into the unaccommodated shape. In order to
study this force as a function of age, three models of a
typical 11-, 29- and 45-year-old lens were constructed.10 15 20 25 30
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Fig. 4. Force acting on the lens as a function of age according to Fisher (1977),
and Weeber material properties.The simulations appeared to be capable of demonstrating
the accommodative changes in the geometry of the lens
that are typical for each particular age. The in vitro stud-
ies of human lens tissue showed diﬀerent material proper-
ties, especially at a younger age. Nevertheless, a consistent
result was observed, regardless of the use of the material
properties reported in the literature: the force on the lens
appeared to be preserved with age, with only a slight
increase to a value of approximately 0.06 N. The displace-
ment of the equator of the lens, according to the FE-mod-
elling, was found to be equal to the values obtained with
MRI (Strenk et al., 1999). According to the simulations,
the surface area of the capsular bag increases during
accommodation. This makes it clear that there is an elas-
tic deformation (strain) of the capsular bag during accom-
modation. This strain of the capsular bag decreases with
age which is in line with the decrease of the accommoda-
tion amplitude.35 40 45 50 55 60
 (year)
results of Fisher (1977)
results of Burd et al. (2002)
simulations using Fisher mat.prop.
simulations using Heys mat.prop.
simulations using Weeber mat.prop.
Burd et al. (2002) and the present study: simulations using the Fisher, Heys
Table 6
Comparison between the simulation results of the present study and the force that is needed to change the power of the human lens and ciliary body per
diopter measured in vitro by Manns et al. (2007)
Age Summed net
force
Equivalent index of
refraction
Change in optical
power
Force on the lens per
diopter
Simulations:stretch force per
diopter
Manns et al. (2007)
results
Years N D mN/D mN/D mN/D
11 0.041 1.436 18.2 2.3 3.1 8
29 0.056 1.430 9.0 6.2 8.3
45 0.056 1.423 4.1 13.7 18.3 20
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which makes it possible to make a comparison with the
results reported by Fisher (1977) and Burd et al. (2002).
In the spinning lens experiments, Fisher (1977) found that
the force exerted by the ciliary muscle increased with age to
approximately 0.013 N.
However, Burd et al. (2002) found a signiﬁcantly greater
force than Fisher (1977), i.e. between 0.08 and 0.1 N. It
must be noted that Burd et al. (2002) calculated the force
acting on the ciliary body by induced displacement and,
as a result, it is not exactly the same as the summed net
force on the lens that was found in the present study. Burd,
Wilde, and Judge (2006) studied the extent to which
inferred values of Young’s modulus are inﬂuenced by
assumptions inherent in the mathematical procedures
applied by Fisher (1971) to interpret the spinning lens
experiment. Their results suggest that modelling assump-
tions that are inherent in Fisher’s original method may
have led to systematic errors in the determination of
Young’s modulus of the cortex and the nucleus. In the
present study, the material properties measured by Heys
et al. (2004) and Weeber et al. (2007) were also used in
the modelling. Although the material properties diﬀer sig-
niﬁcantly at a younger age (Table 2), the diﬀerence in the
net force, that is needed to disaccommodate is less than a
factor of two (Table 3 and Fig. 4).
Manns et al. (2007) measured in vitro the force that is
needed to change the lens diameter and lens power in 20
human cadaver eyes of varying age. It was found that
the force per diopter of accommodation increases with
age, ranging from 8 mN/D for young subjects (8–
19 years) to 20 mN/D for elderly subjects (38–41 years).
However, the force measured by the stretching apparatus
is the force that is needed to stretch the lens including,
the zonula ﬁbres and ciliary body. The lens deformation
alone was responsible for 3/4 of the total force. In order
to compare our results with the results reported by
Manns et al. (2007), we multiplied the summed net force
on the lens by 4/3 to obtain the stretch force, as pre-
sented in Table 6. The change in optical power of the
lens was calculated with the thick lens formula (Bennett
& Rabbetts, 1998), the geometric information in Table 1,
and the equivalent index of refraction as a function of
age (Dubbelman et al., 2001). The last two columns of
Table 6 show the conversion of our results and the
Manns et al. (2007) results. In conclusion, the present
simulations correspond well with the force measuredin vitro with the Manns et al. (2007) lens-stretching
device.
Thus, based on geometry and the material properties
reported in the literature, it can be concluded that the force
that acts on the lens during accommodation remains avail-
able throughout life. The simulations even indicate that the
lenticular force increases slightly with age. This is in accor-
dance with previous in vitro and in vivo measurements that
show that the human ciliary muscle retains its ability to
contract and relax throughout the lifespan (Pardue &
Sivak, 2000; Stachs et al. 2002). Because the accommoda-
tion amplitude decreases with age, the amount of force that
is needed to disaccommodate one diopter of accommoda-
tion stimulus increases with age. This was also found by
Manns et al. (2007). The preservation of the net force deliv-
ered by the extralenticular ciliary body therefore indicates
that it is very likely that presbyopia has a lenticular origin.Acknowledgments
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